To supply the optimum amount of required power to a load device, an adaptive frequency and power-level tracking system is proposed for an efficient magnetic resonance wireless power transfer in the high frequency band. As a result, the proposed system is able to maintain a power transfer efficiency (PTE) of more than 75% with an optimum received power-level of 88 W for any transfer distance within 0.6 m by directly monitoring the PTE and received power-level via wireless communication.
Introduction: Wireless power transfers (WPTs) over near-to mid-range distances using magnetic resonance coupling [1] [2] [3] [4] [5] [6] have recently received much attention owing to their extensive potential applications, including biomedical implants, charging pad platforms for mobile devices, and even electric vehicle recharging. However, when considering the practical circumstances of a mid-range WPT under the condition of a transfer distance variation, a significant technical issue still needs to be addressed; the changes in the resonant frequency and input impedance of the wireless power link [2] [3] [4] [5] [6] lead to a degradation of the power transfer efficiency (PTE) and stability of the WPT system. Previous solutions to this problem have mainly focused on frequency and/or impedance tracking techniques based on checking the reflection level at the transmitter to find the coupling frequency with the minimum reflection [3, 4] . Yet, even when the power is transferring at the optimum coupling frequency, there is still a need to regulate the required received power-level, i.e. the optimum amount of power for charging batteries or directly supplying electric/electronic devices. This is because the PTE of a wireless power link can also change with a variation in the transfer distance, which can be an important issue when applying WPT technology to electronic/electric devices with specific power ratings. Accordingly, this Letter presents an adaptive frequency and powerlevel tracking system for an efficient and stable WPT based on direct monitoring of the PTE and received power-level via wireless communication. The proposed adaptive tracking system is also successfully demonstrated using a real electric appliance (LED TV). System description: Fig. 1 shows a schematic illustration of the proposed magnetic resonance WPT system, including functional blocks for frequency tracking, power-level tracking, and wireless communication. The mid-range wireless power link is composed of two identical rectangular loop resonators (external dimensions 30 × 40 × 2 cm, with a 3 cm loop width) that are initially tuned using lumped capacitors at 6.78 MHz. The measured quality factor of the resonator was as high as 1350, while the measured efficiencies of the link under matched conditions were approximately 78.4 and 92.5% at a resonator separation distance of 0.6 and 0.05 m, respectively. The power generated from the transmitter (Tx) is transferred to the receiver (Rx) via magnetic resonance coupling between the resonators and subsequently delivered to the load. The frequency tracking block is able to adjust the coupling frequency within a range from f L (6.17 MHz) to f H (6.78 MHz), where f L is the lower bound of the odd mode operation for a reasonably high link PTE, i.e. more than 75%, considering a small margin based on the measured efficiency of 78.4%. The odd mode operation is known to be superior to the even mode operation owing to its lower radiation loss [2, 4, 6] . A frequency sweep is performed to determine the optimum frequency with the minimum reflection within the odd mode regime, as illustrated in Fig. 2a . A 10 kHz step is used for the initial frequency sweep to provide a quick estimate of the resonant frequency, f i , at which the threshold reflection level is set at less than 20 dBm. During the frequency tracking mode, the output power level of the class-E power amplifier (PA) is set at 95 W. A finer +5 kHz pivoting around f i is then performed to identify a better frequency than f i . Thereafter, the best frequency ( f o ) at a specific separation distance between the resonators is determined for the PA output via an adjustment of the phase-locked loop (PLL). After completing the resonant coupling frequency tracking, the power-level tracking begins. In this study, a received power level of 88 W (appropriate for a normal LED TV) was set as the nominal goal for the power-level tracking with a +3% tolerance. Thus, if the load receives power ranging from 85.4 to 90.6 W, the power-level tracking will be deemed successful.
A variable AC/DC converter is used to control the Tx power level, where the supply voltage of the PA, i.e. V dd , can be controlled from 10 to 65 V, so that the class-E PA always operates at the saturation point for maximum efficiency [7] . As a result, the power amplifier efficiency at an output power level of 10 to 120 W was more than 85%. While the Tx power level (P Tx ) is consistently monitored by the Tx control unit using the Tx power detector, information on how much power is received by Rx (P Rx ) is also sent to the Tx control unit via wireless communication based on the IEEE 802.15.4 Zigbee protocol, where the Tx and Rx control units are the master and slave, respectively. Thus, the PTE, i.e. P Rx /P Tx , is also consistently monitored. Fig. 2b shows the controllable PA output power level and the goal for the received power level, including the tolerance. The output power level of the PA is set to range from 95 to 120 W at the resonant coupling frequency already determined by the frequency tracking. Beginning from 95 W, the PA output power is actively regulated until P Rx reaches the nominal level by controlling the input of the variable AC/DC converter, which subsequently adjusts the supply voltage of the PA. Meanwhile, the PTE and P Rx are monitored by the Tx control unit. If P Rx is not satisfied by the range set up, i.e. 85.4 to 90.6 W, or the PTE is below 75%, the power-level tracking is stopped and the frequency tracking starts again to search for a new coupling frequency to ensure a stable and efficient WPT operation. Fig. 3 shows the fabricated frequency and powerlevel tracking blocks and wireless communication modules on the Tx and Rx side. Measurements: To verify the operation of the proposed frequency and power-level tracking system, the received power, PTE, and tracked resonant coupling frequency were checked and recorded using a graphical user interface (GUI) on a PC. To measure the received power levels under various transfer distance conditions, a DC electronic load (N3300A) was used. Fig. 4 shows the measurement results for the received power and corresponding tracked resonant coupling frequency.
Fixed matching circuits for a 0.5 m link separation distance were used in the experiment, representing an anticipated PTE of 87% at a distance range of less than 0.5 m [6] . When compared with the case of just frequency tracking using a fixed PA output power of 120 W, the proposed adaptive frequency with power-level tracking saved more than 20 W within a distance range of 0.5 m. When exceeding the 0.5 m distance range, the received power level of 88 W was also maintained by increasing the PA output power level controlled by the Tx control unit, although the PTE decreased down to 78.4% at 0.6 m. This second-step frequency and power-level tracking at any distance within 0.6 m took about 0.3 seconds on average. As shown in Fig. 5 , the effectiveness of the proposed adaptive tracking system was successfully demonstrated using a normal digital LED TV, thus it can certainly be applied to any electronic/electric appliance. Conclusion: An adaptive frequency and power-level tracking system for efficient magnetic resonance WPTs is presented that can maintain a received power level of 88 W with a high PTE of more than 75% at any distance within a range of 0.6 m. The proposed system is advantageous over other conventional adaptive tracking schemes, such as reflection or current detection methods on the Tx side, since it facilitates link efficiency in setting reasonable criteria of an adaptive tracking algorithm. In addition, the effectiveness of the proposed automatic adaptive frequency and power-level tracking system was successfully demonstrated using a normal digital LED TV. Thus, it is anticipated that the proposed adaptive tracking solution will be useful for any mid-range WPT application. 
